Mitochondria are unique cellular organelles that contain their own genome. Having either lost or transferred most of its genes to the nucleus over the course of evolution, the animal mitochondrial DNA (mtDNA) is tiny compared to its nuclear counterpart. The mtDNA encodes only 13 protein-coding genes, all of which are essential components of the electron transport chain that carries out oxidative phosphorylation. In addition, mtDNA encodes 2 ribosomal RNAs and 22 tRNAs that are necessary for mitochondrial translation. Despite this modest genic contribution, mutations in mtDNA constitute a large fraction of inherited mitochondrial diseases [1] . Ironically, the importance of mtDNA is further highlighted by the fact that eukaryotes have evolved active mechanisms to prevent its transmission from one gamete, typically the sperm in animals [2] . Clearly, biparental inheritance of mtDNA must be detrimental, although why this might be is a subject of active debate [3] . Regardless of the selective pressures driving evolution of uniparental inheritance, great progress has been made recently in elucidating mechanisms that prevent transmission of paternal mtDNA in animals [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . A new study by Yu and colleagues [14] reported in this issue of Current Biology now shows a surprising role for the mitochondrial DNA polymerase tamas in eliminating mtDNA from the developing sperm cells in Drosophila melanogaster, thus contributing to the enforcement of uniparental inheritance.
Mitochondria undergo extensive morphological changes during sperm development in D. melanogaster (Figure 1 ). During the aptly named onion stage of sperm development, mitochondria first fuse and curl up into a large ball that looks like a sliced onion. As the sperm begins to elongate, the mitochondria unfurl and extend down the entire 2mm length of the sperm tail [15] . An earlier study by De Luca and O'Farrell showed that mtDNA are eliminated during the late stages of this elongation process [5] . They further discovered a role for endonuclease G, a mitochondrially localized endonuclease, in mtDNA elimination. Interestingly, the persistent mtDNA particles in endonuclease G mutants are swept away during the cellular process of sperm individualization. The process of individualization is carried out by an actinrich complex that moves along the sperm tail, 'squeezing' out mitochondrial material and discarding it into a cystic bulge, a kind of 'waste basket' [5] . Thus, two mechanisms operate during sperm development to eliminate mtDNA: elimination during sperm elongation and removal during individualization. In the current study, the authors now report that RNAi knockdown of the mitochondrial DNA polymerase tamas paradoxically also results in persistence of mtDNA particles in developing sperm cells [14] . In fact, fewer mtDNA particles are eliminated upon knockdown of mitochondrial DNA polymerase compared to loss of endonuclease G, suggesting that it plays a more critical role in the process of mtDNA elimination.
Mitochondrial DNA polymerase, an enzyme that is required for mtDNA replication, is undoubtedly an 'odd man' for the job of eliminating mtDNA. However, this polymerase has a 3' exonuclease domain, which removes nucleotides from the 3' end of DNA. This exonuclease activity normally serves as a proofreading function during replication by removing incorrectly incorporated bases [16] . Might this exonuclease activity of the mitochondrial DNA polymerase be harnessed to degrade mtDNA during sperm development? The authors set out to test this hypothesis by replacing the endogenous wild-type mitochondrial DNA polymerase with a transgenically expressed exonucleasedeficient variant. Surprisingly, the elimination of mtDNA during sperm development occurs normally in flies expressing this exonuclease-deficient variant [14] . Consequently, these data suggest that some other function of the mitochondrial DNA polymerase, rather than its exonuclease activity, must be responsible for mtDNA elimination.
Naturally, the mitochondrial DNA polymerase has polymerase activity, which it uses to replicate mtDNA. Might this polymerase activity be required for mtDNA elimination? While it might seem unconventional to couple mtDNA replication with its elimination, perhaps the mitochondrial DNA polymerase somehow marks newly replicated mtDNA for elimination. To test their hypothesis, the authors used a transgenic replacement strategy to determine whether replication-defective mitochondrial DNA polymerase could rescue the mtDNA elimination defect in the polymerase knockdown flies. Results from this experiment proved inconclusive because the authors observed partial but not complete rescue of the mtDNA elimination defect [14] . The authors therefore used alternative means to determine whether mtDNA replication per se is required for mtDNA elimination. First, the authors investigated localization of the mitochondrial DNA polymerase during sperm development. As expected, the mitochondrial DNA polymerase associates with mtDNA particles during their elimination [14] . However, it does not engage in mtDNA replication during this time, as determined by the lack of EdU incorporation into mtDNA (EdU is a detectable thymidine analog that is incorporated into DNA during replication). These data argue against mtDNA replication as either a prerequisite or requirement for mtDNA elimination. Second, if mtDNA replication is important for mtDNA elimination, then blocking replication by using a method independent of knocking down the mitochondrial DNA polymerase should inhibit mtDNA elimination. In order to test this hypothesis, the authors knocked down the mitochondrial helicase Twinkle and an mtDNA-associated protein, mtSSB, both of which are known to be required for mtDNA replication. However, mtDNA elimination progresses normally in animals with knockdown of these proteins [14] . These data argue against a requirement for mtDNA replication in its own elimination. In summary, the authors have made two surprising discoveries. First, they found a paradoxical role for the mitochondrial DNA polymerase in mtDNA elimination from sperm. Second, neither of its known enzymatic activities appears to be important for the process of mtDNA elimination. An exciting stage, therefore, is set for future studies to determine how the mitochondrial DNA polymerase is involved in mtDNA elimination.
As reported in an earlier study, a second mechanism exists in the developing sperm that sweeps up mtDNA particles left behind in endonuclease G mutants and discards them into a cystic bulge. Interestingly, however, this mechanism fails to eliminate all mtDNA particles from the sperm in mitochondrial DNA polymerase knockdown animals, leaving behind thousands of mtDNA molecules in mature sperm [14] . Does this mean that the persisting mtDNA are successfully transmitted to the oocyte? Alas, male mtDNA just can't catch a break; almost none of the sperm-derived mtDNA are detected in fertilized embryos. These data suggest a mechanism whereby sperm mtDNA are eliminated after fertilization. Indeed, Politi and colleagues reported that D. melanogaster sperm mitochondria are ubiquitinated and destroyed by the oocyte soon after fertilization via endocytic and autophagic processes [8] . Remarkably, therefore, at least three mechanisms exist in D. melanogaster to prevent transmission of sperm mtDNA -two that function in the sperm and one in the oocyte (Figure 1) .
Why is there such strong selective pressure to prevent paternal mtDNA transmission? While numerous hypotheses have been put forth, there is little empirical evidence to support them [3] . However, one recent idea suggests that heteroplasmic existence of two mtDNA haplotypes is functionally unstable [17] . Mice with equal proportions of two wild-type mtDNA haplotypes had behavioral and cognitive deficits compared to homoplasmic mice with just one haplotype. Consistent with this observation, delayed removal of a paternally derived wild-type mtDNA haplotype is detrimental to the developing embryo in Caenorhabditis elegans [11] .
However, directly testing the consequences of mixing two mtDNA haplotypes via biparental inheritance will require establishing successful transmission of paternal mtDNA. In D. melanogaster at least, now that we have a clearer understanding of the molecular players involved in elimination of paternal mtDNA [8, 14] , it might be possible to successfully remove all barriers to transmission of male mtDNA. We might therefore be in an imminently exciting position to finally determine the functional consequences of biparental inheritance in animals.
While the precise mechanisms are likely to vary, accumulating evidence suggests that similarly redundant mechanisms operate in other species to prevent transmission of paternal mtDNA. In C. elegans, for instance, mtDNA in sperm is also degraded by endonuclease G, The mitochondrial DNA (mtDNA) particles are eliminated from developing sperm during elongation. The mitochondrial DNA polymerase, along with endonuclease G, is shown to be required for this elimination. Any leftover mtDNA particles are discarded into the cystic bulge (gray) by the actin-rich investment cones (red) that sweep along the length of the sperm during individualization. Finally, sperm-derived mitochondrial organelles are degraded through endocytic and autophagic processes soon after fertilization. Taken together, at least three mechanisms exist in Drosophila to prevent transmission of male mtDNA.
Mitochondrial degradation
Current Biology 27, R259-R281, April 3, 2017 R265 Current Biology Dispatches although this does not happen until after fertilization [11] . In addition, spermderived mitochondria are destroyed through autophagy in the embryo [4, 6, 7, 9, 12] . In mice, as well as in medaka fish (Oryzias latipes), mtDNA appears to be eliminated from sperm [18, 19] . Finally, a recent report shows a definitive role for autophagy in the elimination of spermderived mitochondria in the fertilized embryos of mice [20] . Taken together, these studies suggest that coupling elimination of mtDNA from mature sperm with degradation of mitochondrial organelles in fertilized embryos might be a conserved phenomenon to enforce uniparental inheritance of mtDNA.
The impact of age on a woman's ability to produce normal eggs remains a great enigma of human biology. A new paper provides intriguing experimental evidence that age may cause a breakdown in the egg cell division machinery.
By comparison with other eukaryotes, the error rate in human eggs is astronomical. In the prime of reproductive life, over 10% of the eggs we ovulate are chromosomally abnormal, or aneuploid. In contrast, meiotic error rates in the best characterized of our eukaryotic cousins (e.g., yeast, worms, and female Drosophila) are less than 1%. By the time we reach our mid-thirties, our prospects of producing a genetically normal egg grow increasingly bleak (Figure 1) . The clinical relevance of this rapid decline in egg quality has increased in developed nations during the past several decades
